If an accumulator is coupled with a hydraulic pump unit, idling stop operation can be attained by using a pressure switch and pressure-holding function. In this research, an intermittently operated hydraulic pump unit coupled with an accumulator (ACC pump unit), an inverter control-type hydraulic pump unit (INV pump unit), and a variable displacement-type hydraulic pump unit (VD pump unit) are tested, and the efficiencies of these pump units are compared. In the experiment that changes the duty ratio, the efficiency of ACC pump unit is about eight times as high as an INV pump unit and 18 times as high as VD pump unit. In addition, ACC pump unit is hardly influenced by the duty ratio, and almost constant efficiency is obtained. Therefore, ACC pump unit has the best energy-saving effect.
INTRODUCTION
Energy saving has been made in a number of fields due to the shortage of energy resources and the need to protect the earth's environment. The hydraulic field is not an exception.
If an accumulator is coupled with a hydraulic pump unit, intermittent operation of the electric motor powering the pump drive, called idling stop operation, can be attained by using the pressure switch and the pressure-holding function. As a result, unneeded power consumption can be reduced.
In this research, an intermittently operated hydraulic pump unit coupled with an accumulator (ACC pump unit), an inverter control-type hydraulic pump unit (INV pump unit), and a variable displacement-type hydraulic pump unit (VD pump unit) are tested. The efficiencies of these pump units are compared, and it is clarified that the ACC pump unit has the best energy-saving effect.
EXPERIMENTAL SYSTEM
A bladder-type accumulator with a capacity of 3 L is used in ACC pump unit as shown in Fig.1 . ACC, INV, and VD pump unit uses the same pump. When the pump output pressure exceeds upper bounded pressure of the pressure switch, the pump drive motor of the ACC pump unit is turned OFF. It keeps the OFF state until the pump output pressure falls below the lower bounded pressure of the pressure switch. When the pump output pressure falls below the lower bounded pressure, the pump drive motor is turned ON. The pump used in ACC pump unit is a variable displacement vane pump. However, it works as a fixed displacement type because the cutoff pressure of the pump is set at much higher value.
INV pump unit is shown in Fig.2 . The load pressure detected by the pressure sensor is input into the inverter controller. The pressure is kept constant by changing the frequency of the electricity supplied to the electric motor, changing the pump rotation speed, and adjusting the flow rate.
VD pump unit is showed in Fig.3 . VD pump unit removes an accumulator and pressure switch from ACC pump unit.
The hydraulic circuit of a simplified load model is shown in Fig.4 . This is connected with the discharge side and tank side of each pump unit as shown in Fig.1, 2 , and 3 respectively. The flow rate and duty ratio are changed in this experiment.
EXPERIMENTAL METHOD
First, the hydraulic fluid flows into the load side intermittently by turning the solenoid-operated valve ON or OFF. The characteristic of each pump unit was examined by changing the duty ratio and flow rate into the load side. The period of ON-OFF operation is 10s. The necessary pressure to the load side was assumed to be 2.6 MPa.
Next, we changed the period to 50s to test with smaller duty ratio. These experimental conditions are shown in Table. 1.
Lastly, we tested ACC pump unit with the upper bounded pressure changed. 
RESULT
The duty ratio was set between 10 to 100 percent. The experimental results of ACC, INV, and VD pump unit are shown in Fig.5, 6 , and 7, respectively when duty ratio is 50 percent and flow rate is 16l/min. In Fig.5, 6 , and 7, the vertical axis is electric power, rotation speed, load side pressure, output pressure, and flow rate, and the horizontal axis is time.
When solenoid-operated valve of ACC pump unit is turned on as shown in Fig.5 , it is found that the electric motor is turned on with a little delay after the hydraulic fluid begins to flow to the load. The hydraulic fluid flows from accumulator to the load side immediately after the solenoid-operated valve is turned on. Pressure in the accumulator falls gradually, and it falls below 2.9 MPa which is lower bounded pressure. Then, the electric motor for the pump drive is turned on by the pressure switch. The electric motor is stoped while the solenoid-operated valve is turned off. This is because of the pressure holding function by the accumulator. As a result, power consumption is zero.
The results of INV pump unit is shown in Fig.6 . When the solenoid-operated valve is turned on, the hydraulic fluid flows to the load side, and the rotation speed of the pump increases at the same time. When the solenoid-operated valve is turned off, the rotation speed decreases. At that time, the rotation speed becomes the minimum rotation speed and the set pressure is maintained. Minimum power is consumed.
The result of VD pump unit is shown in Fig.7 , the rotation speed of the pump is almost constant in VD pump unit. The frequency of the electric power for the induction motor is constant in VD pump unit, therefore, the change of the rotation speed is small. Instead, the amount of the discharge per rotation is controlled in VD pump unit.
From Fig.4 , the time when power consumption becomes zero exists in ACC pump unit drived by the idling stop. On the other hand, there is power consumption to some extent in INV and VD pump unit. Therefore, power consumption in ACC pump unit is the smallest.
Next, the experimental results are obtained when the duty ratio is from 10 to 100 percent and the flow rate is changed. The relations of the duty ratio and the efficiency in each pump unit are shown in Fig.8, 9 , and 10 respectively.
The efficiency of ACC pump unit is not affected so much by the duty ratio, and it is almost constant as shown in Fig.8 . This is because of the idling stop.
From Fig.9 and 10, it is understood that the efficiency for INV and VD pump unit increases as the duty ratio increases. When the solenoid-operated valve is turned on, working fluid flows to the load. Therefore, output power increases when the duty ratio increases. And, the efficiency rises.
The relation among electrical power consumption, efficiency and duty ratio for flow rate 16 l/min are shown in Fig.11 . The efficiency of ACC pump unit is high compared with INV and VD pump unit in the area where the duty ratio is low. When the duty ratio is 10 percent, ACC pump unit is about twice higher than INV pump unit and about three times higher than VD pump unit. As ACC pump unit is drived using the idling stop, power consumption is reduced. Moreover, the efficiency of ACC pump unit is not affected by duty ratio as INV and VD pump unit, and it is almost constant. Table 1 Experimental conditions when flow rate and duty ratio are changed Figure 5 Output pressure, load pressure, rotation speed, and electric power of ACC pump unit Next, we experimented with lower duty ratio. The characteristics of each pump unit at this condition were investigated.
At first, the period is set as 50s. The results of each pump unit when duty ratio is 4 percent and flow rate to the load is 16 l/min are shown in Fig.12 , 13 and 14 respectively. The time while the fluid flows to the load of ACC pump unit is shorter in Fig.12 than that in Fig.5 . As a result, the duration of idling stop is longer. In a word, it is found that power consumption is reduced more.
In Fig.13 and 14 , the time while the fluid flows to the load of INV or VD pump unit is shorter than that in Fig.6 or 7. Therefore, the time while the motor is rotating without work is increased. In a word, the time while the electric power is consumed uselessly is increased. Electric power consumption and efficiency of each pump unit for duty ratio from 2 to 10 percent are shown in Fig.15 .
The difference of efficiency between the ACC pump unit and INV or VD pump unit grows as duty ratio lowers further. When the duty ratio is 2 percent, the efficiency of ACC pump unit is about eight times higher than that of INV pump unit and about 18 times higher than that of VD pump unit. It is because useless power consumption does not decrease so much though an effective output decreases in INV and VD pump unit when the duty ratio decreases further. Contrarily, almost constant efficiency is obtained for ACC pump unit within this range because useless power consumption also decreases by the idling stop. Figure 15 Electric power, efficiency, and duty ratio of each pump unit
We measured electric power and efficiency of ACC pump unit when the upper bounded pressure was changed. The lower bounded pressure was fixed as before. The duty ratio was 90 percent in this experiment. And flow rate was 12 l/min. The result is shown in Table. 2.
Pressure ratio is 1.15 and 1.3 is almost the same. But, when pressure ratio is 1.4, its efficiency becomes smaller. The reason is that the pump output pressure is higher when pressure ratio is higher. Then, electric power consumption of the pump increases. Therefore, the efficiency is worse when pressure ratio is higher. 
CONCLUSION
The efficiency of ACC pump unit is about twice higher than INV pump unit and about three times higher than VD pump unit when the duty ratio is 10 percent. The efficiency of ACC pump unit is about eight times higher than INV pump unit and about 18 times higher than VD pump unit when the duty ratio is 4 percent. ACC pump unit is not affected so much by the duty ratio, and almost constant efficiency is obtained. The efficiency of ACC pump unit decreases as the upper bounded of pressure switch increases. ACC pump unit has the best energy-saving effect. 
